Acrylamide, a chemical that is probably carcinogenic in humans and has neurological and reproductive effects, forms from free asparagine and reducing sugars during high-temperature cooking and processing of common foods. Potato and cereal products are major contributors to dietary exposure to acrylamide and while the food industry reacted rapidly to the discovery of acrylamide in some of the most popular foods, the issue remains a difficult one for many sectors. Efforts to reduce acrylamide formation would be greatly facilitated by the development of crop varieties with lower concentrations of free asparagine and/or reducing sugars, and of best agronomic practice to ensure that concentrations are kept as low as possible. This review describes how acrylamide is formed, the factors affecting free asparagine and sugar concentrations in crop plants, and the sometimes complex relationship between precursor concentration and acrylamide-forming potential. It covers some of the strategies being used to reduce free asparagine and sugar concentrations through genetic modification and other genetic techniques, such as the identification of quantitative trait loci. The link between acrylamide formation, flavour, and colour is discussed, as well as the difficulty of balancing the unknown risk of exposure to acrylamide in the levels that are present in foods with the well-established health benefits of some of the foods concerned.
Introduction
The formation of acrylamide during high-temperature cooking and processing of plant-derived raw materials was reported in 2002 (Tareke et al., 2002) and the presence of acrylamide in foods is now recognized as a difficult problem for the agricultural and food industries. Acrylamide is classified by the World Health Organization and the International Agency for Research on Cancer as 'probably carcinogenic to humans', based on its carcinogenic action in rodents; it also has neurological and reproductive effects (Friedman, 2003) . It forms predominantly from free asparagine and reducing sugars during high-temperature cooking (frying, baking, and roasting, but not boiling) and processing (Mottram et al., 2002; Stadler et al., 2002) , although there are other possible routes, for example from 3-aminopropionamide (Granvogl et al., 2004) or gluten (Claus et al., 2006a) .
In Europe, the major contributors to dietary exposure to acrylamide for adults are fried potato products, coffee, and soft bread, whereas for adolescents and children they are fried potatoes, soft bread, potato crisps (US chips), and biscuits (http://www.efsa.europa.eu/en/press/news/datex110420.htm). The presence of soft bread in this list may be something of a surprise because the levels of acrylamide in bread are much lower than in some other wheat products, such as breakfast cereals; however, Europeans eat a lot of bread and exposure is a function of concentration and intake.
The mean exposure for adults in different member states of the European Union ranges from 0.43 to 1.36 lg kg À1 bodyweight per day. High exposure at the 95th percentile ranges from 0.94 to 3.06 lg kg À1 bodyweight per day, and exposure is higher for children and adolescents. These levels are orders of magnitude lower than those used in the toxicology studies that showed acrylamide to be carcinogenic in rodents and it is not possible to say with conviction from the data currently available how much risk, if any, exposure at these levels represents. Toxicology studies are generally not carried out with such low levels of exposure because it would take too long for effects to emerge and it would be difficult to establish statistical significance. A number of epidemiological studies have been carried out to investigate possible links between dietary intake of acrylamide and human cancers or other health effects but most have had inconclusive results (Mucci and Wilson, 2008) , although two have shown a weak link with endometrial cancer (cancer of the inner membrane of the uterus) (Hogervorst et al., 2007; Wilson et al., 2010) . Nevertheless, the FAO/WHO Expert Committee on Food Additives has recommended that dietary exposure to acrylamide should be reduced and the European Commission issued indicative levels of acrylamide in food in early 2011 (Table 1) . It is still not clear how the system of indicative levels will operate, but the levels should not be regarded as safety standards or used in competitive comparisons between different products. However, the issuance of indicative levels may be a step towards setting regulatory limits.
The food industry reacted rapidly to the discovery of acrylamide in foods and many strategies have been proposed for reducing acrylamide formation by modifying food processing. These are described in a 'Toolbox' produced by Food Drink Europe (formerly the Confederation of the Food and Drink Industries of the European Union; http:// www.fooddrinkeurope.eu/uploads/publications_documents/ Toolboxfinal260911.pdf). There are anecdotal and published reports of significant reductions being made in some sectors as a result of adopting these methods (Claus et al., 2006b; Mustafa et al., 2007) , which include modification of time/ temperature conditions during processing, lowering pH by addition of citric acid, presoaking in water, addition of antioxidants, and addition of divalent cations, such as calcium chloride. Reducing levels of asparagine before cooking using asparaginase has been used successfully in some food products, but it cannot be applied to all foods.
While these methods have proved successful with some products, they have been difficult to apply to others, either being ineffective or having an unacceptably adverse effect on product quality. It is therefore important that the efforts being made by the food industry are augmented by a long-term programme of reduction in the acrylamideforming potential of cereals and potatoes in order that foods continue to comply with the regulatory situation as it evolves. This requires that the limiting factors for acrylamide formation are identified in grain, tubers, and other raw materials, that the genetic controls of free asparagine and sugar accumulation in different crop species are elucidated and the knowledge made available to breeders, and that agronomic best practice is developed and adopted to prevent high levels of free asparagine and sugar accumulation in crops. The acrylamide issue is therefore one in which plant and agronomic sciences have a big part to play.
The Maillard reaction
The reaction that produces acrylamide is one of a series of non-enzymic reactions between sugars and amino groups, principally those of amino acids, that have been given the umbrella name of the Maillard reaction. The reaction takes its name from the French chemist Louis Camille Maillard who first described it in 1912 (Maillard, 1912) , although the steps in the reaction as they are understood today were first proposed by an American chemist, John Hodge, in 1953 (Hodge, 1953 . Detailed descriptions of the reaction have been provided previously (Nursten, 2005; Mottram, 2007; Halford et al., 2011) . It only occurs during thermal processing, so there is no acrylamide in potatoes or grain that leave the farm gate or in foods that are produced by boiling or other processes that do not generate very high temperatures.
The Maillard reaction was an important one for the food industry long before acrylamide was discovered to be one of its products because it also produces the melanoidin compounds that give fried, roasted, and baked products their colour and a host of other compounds that impart aroma and flavour. These include heterocyclic compounds such as pyrazines, pyrroles, furans, oxazoles, thiazoles, and thiophenes (Mottram, 2007; Halford et al., 2011) (Fig. 1) . This makes the situation more difficult for the food industry because these are the compounds that give foods the flavours, aromas, textures, and colours that define particular food types and brands and which are demanded by consumers.
The Maillard reaction has multiple steps and may be considered as not one reaction but many. It requires a reducing sugar such as glucose, fructose, or maltose but sucrose will participate if it is first hydrolysed through enzymic, thermal, or acid-catalysed reaction (De Vleeschouwer et al., 2009) . The first step is the condensation of the carbonyl (C¼O) group of the reducing sugar with an amino group. This produces a Schiff base and if the sugar is an aldose the Schiff base cyclizes to give an aldosylamine. In the case of glucose this would be glucosylamine (Fig. 1) . The aldosylamine is then rearranged to give a 1,2-enaminol and its ketotautomer, an N-substituted 1-amino-2-deoxyketose. These are known as Amadori rearrangement products. Ketoses, such as fructose, give related Heyns rearrangement products. The Amadori and Heyns rearrangement products then undergo enolization, deamination, dehydration, and fragmentation, giving rise to products containing one or more carbonyl groups (Fig. 1) . These carbonyl compounds react with amino groups and other components, resulting in the formation of many different flavour compounds, while melanoidins, which are brown nitrogenous polymers, are formed through the amine-catalysed polymerization of reactive intermediates from the breakdown of Amadori and Heyns products. An important reaction of carbonyl compounds is Strecker degradation, whereby an amino acid is deaminated and decarboxylated to give an aldehyde. Strecker degradation of cysteine is particularly important because it provides a route for the introduction of nitrogen and sulphur into heterocyclic flavour compounds, and the major route for acrylamide formation is a Strecker-type reaction involving asparagine ( Fig. 1) (Mottram et al., 2002; Stadler et al., 2002; Zyzak et al., 2003) Factors affecting acrylamide-forming potential
The complexity of the Maillard reaction means that the relationship between precursor concentration and different Fig. 1 . Highly simplified scheme of part of the Maillard reaction. Reducing sugars (in this case glucose) and amino groups react, resulting ultimately in the formation of carbonyl compounds. These carbonyl compounds react with amino groups and other components to form many different flavour compounds, some of which are shown. One of the reactions involving carbonyl compounds is Strecker degradation, whereby an amino acid is deaminated and decarboxylated to give an aldehyde, and the major route for acrylamide formation is a Strecker-type reaction involving asparagine. Reproduced (adapted) from Halford et al. (2011) , with permission.
reaction products is not a simple one; for instance, the concentrations of free amino acids as a whole may affect the rate and scale of the first part of the reaction, but the ratios of different free amino acids to each other may also be important in determining the relative amounts of different products that are made in the final step.
The major determinant of acrylamide-forming potential in wheat and rye flour is the concentration of free asparagine Granvogl et al., 2007; Curtis et al., 2009 Curtis et al., , 2010 (Fig. 2) . Asparagine is an unusual amino acid in that it can accumulate in plants to very high concentrations. Generally, this occurs when protein synthesis is low and plants have a plentiful supply of nitrogen , suggesting that plants use free asparagine as a nitrogen store when they are unable to store nitrogen in the form of protein. Asparagine is particularly suitable for this purpose because of its relatively high ratio of nitrogen to carbon and low reactivity. Stresses that cause asparagine to accumulate include exposure to toxic metals such as cadmium, pathogen attack, and drought or salt stress (reviewed by . Lack of nutrients other than nitrogen, such as potassium, sulphur, phosphorous, and magnesium, also causes asparagine to accumulate and this is exacerbated if nitrogen supply is increased.
Sulphur deficiency leads to the greatest asparagine accumulation in wheat grain and in conditions of severe sulphur deprivation asparagine concentration can increase 30-fold (Table 2) Granvogl et al., 2007; Curtis et al., 2009) . Indeed, all of the samples with very high levels of free asparagine used to produce the graph shown in Fig. 2 came from sulphur-deprived wheat (Curtis et al., 2009) . Sulphur deprivation also causes an increase in free glutamine concentration (Table 2) , but despite this, asparagine can make up 50% of the total free amino acid pool. Indeed, the increase in grain asparagine that occurs when a wheat plant is grown under severe sulphur deprivation is so great that even very small amounts of such grain entering the food chain could have a significant impact on acrylamide risk, making the even application of sulphur fertilizer over an entire wheat field very important. Furthermore, although the extreme condition of zero available sulphur might be unlikely to occur in agriculture, sulphur feeding at 10 kg ha À1 may be quite common and even at this level, wheat grown in a sandy loam soil accumulates significantly more free asparagine in the grain than wheat supplied with 40 kg sulphur ha
À1
, resulting in approximately 30% more acrylamide being formed in heated flour (Fig. 3) . Sulphur deficiency also affects the relative amounts of asparagine in different milling fractions : under normal conditions, most asparagine accumulates in the bran fractions but under sulphur deficiency it also accumulates in the white flour fractions and therefore affects more products. The Rothamsted recommended level of sulphur for wheat cultivation in the UK is 20 kg ha À1 (Fangjie Zhao, Rothamsted Research, personal communication). Soil sulphur deficiency is getting worse in the UK and elsewhere because of the switch to nitric acid-based fertilizers in place of sulphur-containing fertilizers such as ammonium sulphate or superphosphate, and, ironically, the reduction in atmospheric deposition of sulphur (Zhao et al., 1999) .
The effects of environmental conditions (E) on asparagine accumulation in wheat and rye grain have also been demonstrated in an analysis of six wheat varieties grown at different locations over two harvest years in the UK (Curtis et al., 2009 ) and of a range of rye varieties grown at locations in Hungary, France, Poland, and the UK and harvested in 2005 (Curtis et al., 2010 . These studies also showed clear differences between varieties (genetic effects, G) and G 3 E interactions. Of the six wheat varieties that were studied, Einstein, the best performer over all locations, had an average grain asparagine concentration of 1.89 mmol kg À1 , while Robigus, the worst performer overall, had an average 2.59 mmol kg À1 , a difference of 37% (Fig. 4) . Einstein was also more consistent over different harvest years and locations. This suggests that varietal selection could lead to significant reductions in acrylamide levels in wheat and rye products. Consistent with this, Taeymans and co-workers (2004) reported that the asparagine content of different European wheat varieties harvested in 2002 ranged from 1.23 to 5.03 mmol kg À1 , although they also reported large differences between samples of the same variety, indicating that environmental factors were having a significant effect. Claus and co-workers (2006b) also reported large differences in flour asparagine content for different varieties, from 0.37 mmol kg À1 to 1.89 mmol kg
. This correlated with acrylamide content in heated flour ranging from 154 lg kg À1 to 624 lg kg À1 . In potatoes, the relationship between asparagine, sugars, and acrylamide is more complicated. Asparagine is the dominant free amino compound in potato tubers, typically accounting for approximately one-third of the total freeamino acid pool (Eppendorfer and Bille, 1996; Oruna-Concha et al., 2001; Amrein et al., 2003; Elmore et al., 2007) . As with other plant species, the amount and concentration is influenced by both genetic and environmental factors. Because asparagine is present at such a high concentration, sugar concentrations were initially expected to be the limiting factor for acrylamide-forming potential. However, while some studies have appeared to bear this out (Amrein et al., 2003; Becalski et al., 2004) , others have found asparagine concentration to be important as well. For example, Shepherd et al. (2010) showed that asparagine and sugar concentrations contributed approximately equally to the variation in acrylamide-forming potential in a segregating breeding population, while Elmore et al. (2007) found that asparagine as a proportion of the total free amino acid pool was the determining factor in a study of three different potato varieties. In that experiment, the potatoes had been grown in pots so that sulphur supply could be readily controlled. As with wheat, sulphur deficiency caused an increase in free asparagine accumulation in one of the varieties, Prairie, but in the other two, King Edward and Maris Piper, asparagine concentration declined (Table 2) . In all three, glutamine concentration increased, suggesting that potato preferentially accumulated free glutamine rather than asparagine in response to sulphur deficiency, and this resulted in asparagine concentration as a proportion of the total free amino acid pool falling. There was a concomitant reduction in acrylamide formation on heating, suggesting that competition between free amino acids for participation in the final stages of the Maillard reaction was the explanation for this result.
Free amino acid concentrations were considerably higher in the tubers studied by Elmore et al. (2007) than in the tubers analysed in the other studies described above, and this may explain why a different result was obtained, suggesting that the relative amounts of sugars, free asparagine, and other amino acids can have a profound effect on the acrylamide-forming potential of potatoes. Further evidence supporting this conclusion was obtained by Elmore et al. (2010a) from the analysis of tubers before and after a period of cold storage. When sugar levels were relatively high, acrylamide and aroma compound formation were proportional to sugar concentration, whereas when sugar levels were low, acrylamide and aroma compound formation were proportional to the concentrations of their precursor amino acids, expressed as a percentage of total free amino acids.
While more research needs to be done on the relationship between precursor concentration and acrylamide-forming potential in potato, the best current advice is that sugar concentration, free asparagine concentration, and the ratio of free asparagine to other free amino acids must all be considered in variety selection. As with free asparagine concentration, potato varieties differ significantly in tuber sugar concentration. Amrein et al. (2003) , for example, reported glucose, fructose, and sucrose concentrations of 0.5-14.2, 0.2-2.1, and 2.4-8.9 mmol kg , respectively, on a dry weight basis (water makes up 70-80% of tuber fresh weight). Note that sucrose is the most abundant sugar, as it is in almost all plant tissues, while glucose is the most abundant monosaccharide and reducing sugar.
Sucrose is, of course, produced in the leaves through photosynthesis and transported to carbon sinks such as tubers through the phloem sieve elements. On arrival, it may be cleaved by invertases (b-fructofuranosidases) in the cell wall, vacuole, or cytosol to form glucose and fructose. These hexoses may be used for glycolysis, respiration, secondary product formation, responding to wounding and pathogen attack, osmoregulation, and the response to cold stress (reviewed by Roitsch and González, 2004) . The hydrolysis of sucrose by invertases is irreversible and the name invertase derives from the mixture of glucose and fructose produced by the reaction, which in the food industry is referred to as inverted sugar syrup. Plant invertases can be classed according to their pH optima and/ or their location, with acid invertases present in the cell wall and vacuole and neutral/alkaline invertases, which are unique to plants, in the cytosol and plastids.
Alternatively, sucrose may be cleaved by sucrose synthase (SuSy). SuSy is present in the cell wall and cytoplasm and catalyses the reversible conversion of sucrose and UDP to UDP-glucose and fructose. Despite the name of the enzyme, the equilibrium of the reaction under physiological conditions very much favours cleavage over synthesis, particularly in storage tissues such as potato tubers where sucrose concentrations are high. The production of UDP-glucose is the first step in the synthesis of starch and SuSy activity is closely correlated with starch accumulation (Zrenner et al., 1995) . The relative activity of SuSy and invertase is, therefore, a key determinant of carbon partitioning. The starch biosynthetic pathway also involves UDP-glucose pyrophosphorylase, ADP-glucose pyrophosphorylase (AGPase), cytosolic and plastidic phosphoglucomutase, granule-bound starch synthase (GBSS), which makes amylose, and soluble starch synthase and starch branching enzyme, which are both required for amylopectin synthesis.
Partitioning of sucrose between the glycolytic and starch biosynthetic pathways will affect hexose concentrations, as will starch breakdown. Starch breakdown is now known to be a complicated process, involving starch phosphorylase (a-1,4 glucan phosphorylase), which appears to be particularly important in potato tubers (Malone et al., 2006; Rommens et al., 2006; Morales et al., 2008) , a-glucan water dikinase, phosphoglucan water dikinase, a-amylase, b-amylase, and debranching enzyme (limit dextrinase) (reviewed by Smith et al., 2005) .
Starch breakdown is partly responsible for cold sweetening, the phenomenon of hexose accumulation in tubers stored at 4°C (Sowokinos, 1990) . Storage at this temperature is effective at preventing the tubers from sprouting, which itself leads to starch breakdown, but the glucose and fructose cause localized blackening of crisps (US chips) and French fries during frying, as well as increasing the risk of acrylamide formation. Tubers are therefore usually stored at higher temperatures, typically 8-10°C, and sprouting, which would occur at this temperature, is controlled by spraying with chemical sprout suppressants such as chloropropham.
Storage is an important issue for the potato industry because potato tubers have to be stored for long periods to enable a year-round supply. Sugar concentrations can rise steeply due to tuber senescence as well as cold sweetening and sprouting. In addition to temperature, atmosphere is closely controlled because low oxygen levels suppress sugar accumulation, while an increase in carbon dioxide concentration has the opposite effect (Kumar et al., 2004) .
Sugar content is also affected by environmental factors during potato cultivation. Temperature, for example, affects photosynthesis, transpiration, translocation of carbohydrates, and respiration, and the optimum temperature range for most varieties is quite narrow, between 15 and 20°C (Kumar et al., 2004) . Soil nitrogen levels also appear to be important: De Wilde et al. (2006) showed that the levels of tuber sugars rose in nitrogen-deprived potatoes by up to 100% compared with adequately fertilized potatoes, and Kumar and co-workers (2004) similarly reported that plants adequately fertilized with nitrogen had lower reducingsugar concentrations at harvest. Sulphur deprivation also causes large increases in sugar concentrations (Elmore et al., 2007) .
Reducing acrylamide-forming potential through genetic modification
Free asparagine is, of course, required for protein synthesis, and it would not be possible to produce a viable plant containing no free asparagine at all. However, as discussed already, many plants contain relatively high concentrations of free asparagine compared with other amino acids. This does not reflect a high proportion of free asparagine in proteins, indicating that plants use free asparagine for other purposes, such as nitrogen transport and storage. Other free amino acids are also used for these purposes, and manipulating crop plants to use alternatives such as glutamine, the predominant Maillard reaction product of which is 2-pyrrolidinone, which is not considered toxic (Stadler et al., 2003) , may reduce acrylamide-forming potential without compromising viability or yield.
The enzymes involved in the biosynthesis and degradation of asparagine are shown in Fig. 5 . Biosynthesis requires the assimilation of ammonia to produce glutamine, a reaction mediated by the enzymes glutamine synthetase and glutamate synthase (Lea and Miflin, 2003; Lea and Azevedo, 2007; ; the glutamine then provides the nitrogen required for the formation of asparagine from aspartate, catalysed by the enzyme asparagine synthetase. The same enzyme catalyses the ATP-dependent reaction between glutamine and aspartate to generate glutamate. Two other key enzymes are asparaginase, which catalyses the hydrolysis of asparagine resulting in the generation of aspartate and ammonia, which is reassimilated, and aspartate kinase, which competes for aspartate to produce 4-aspartyl phosphate, a precursor for the amino acids methionine, leucine, lysine, and isoleucine.
The genes encoding these enzymes are potential targets for genetic modification and reduction of asparagine synthetase gene expression by RNA interference (RNAi) has already been shown to be effective in reducing acrylamide formation in potato (Rommens et al., 2008) . In that study, which was undertaken by a team from Symplot Plant Sciences, Idaho, USA, two asparagine synthetase genes, StAS1 and StAS2, were targeted with a single construct. StAS1 is similar to AtAS1 from Arabidopsis, which is dark inducible and sugar repressible (Lam et al., 1998) , while StAS2 is more similar to AtAS2, which is expressed in the light. The most effective reduction in expression was obtained when the RNAi cassette had a potato AGPase gene promoter at one end and a GBSS gene promoter at the other; both of these promoters are tuber specific.
The Symplot team have also targeted carbohydrate metabolism in potato. Firstly, starch degradation was inhibited through repression by RNAi of genes R1, which encode an a-glucan water dikinase and PhL, which encodes a starch phosphorylase (Rommens et al., 2006) . In this case, the RNAi cassette was under the control of a single GBSS promoter. Decreased expression of R1 and PhL reduced cold sweetening, with glucose levels 30-60% lower in the transgenic lines after 3 months of storage at 4°C, and there was a concomitant decrease of approximately two-thirds in acrylamide formation in French fries produced from the transgenic potatoes. In a second experiment, invertase gene expression was reduced by RNAi, this time using a single AGPase promoter (Ye et al., 2010) . In this case, the tubers were stored for 1 month at 5.5°C, after which the transgenic tubers, in the best case, contained only 2-3% of the reducing sugars in the control tubers and French fries prepared from the transgenic tubers showed an 8-fold reduction in acrylamide formation compared with controls. Not surprisingly, the fries from the transgenic lines were also lighter in colour than the controls.
Vacuolar acid invertase activity was also targeted in a study by Bhaskar et al. (2010) . In some lines, the accumulation of reducing sugars after cold storage was decreased by over 90% and crisps produced from the transgenic lines were lighter in colour and contained significantly less acrylamide than controls.
The concentration of reducing sugars has also been reduced by manipulation of the metabolic regulator, sucrose nonfermenting-1-related protein kinase-1 (SnRK1) (McKibbin et al., 2006) . This protein kinase controls partitioning of carbon between the starch biosynthesis and glycolytic pathways in potato tubers through modulation of SuSy and AGPase gene expression and activity, and transgenic lines overexpressing SnRK1 contained up to 83% less glucose and 30% more starch than controls. However, it should be born in mind that, in Arabidopsis seedlings at least, SnRK1 has been shown to promote expression of the dark-induced asparagine synthetase gene, AS1 (also known as DIN6; Baena-González et al., 2007) (Fig. 5) .
These studies confirm the complex relationship between precursor concentration and acrylamide-forming potential in potato, in that strategies aimed at lowering the concentration of either free asparagine or reducing sugars have both been successful. They also suggest that there are gaps in the knowledge of the interactions between different areas of carbohydrate metabolism in potato tubers: if cold sweetening can be decreased significantly through the inhibition of starch degradation, it is surprising that it can be almost eradicated through inhibition of invertase gene expression. Nevertheless, these studies show the potential for using genetic modification to address the acrylamide issue in potato.
Similar experiments have not been performed with cereals. However, overexpression of another metabolic regulator, general control nonderepressible (GCN)-2, has been shown to reduce asparagine synthetase gene expression significantly under both sulphur-sufficient and -deficient conditions (Byrne et al., 2012) .
Reducing acrylamide-forming potential by other genetic techniques
While genetic modification is widely accepted in many parts of the world, including most of the Americas and Asia, in some regions, notably the large markets of Europe and Japan, it remains a controversial issue. Where this is so, the food industry would much prefer low free asparagine/low reducing sugar genotypes to be developed by other means. The fact that there are wide differences in sugar and freeamino acid concentration between different genotypes of potato, wheat, and rye (Amrein et al., 2003; Becalski et al., 2004; Taeymans et al., 2004; Claus et al., 2006b; Muttucumaru et al. 2006; Curtis et al., 2009 Curtis et al., , 2010 indicates that these parameters are under genetic control and that breeding for lower concentrations of free asparagine and reducing sugars should be possible. In the case of potato, this is despite the fact that breeders have been selecting for low-sugar varieties for many years.
As well as significant differences in free asparagine concentration in the grain of different UK wheat cultivars, Curtis et al. (2009) reported wide differences (from 1.68 to 3.23 mmol kg À1 ) between closely related genotypes from a Spark 3 Rialto doubled haploid mapping population. One of the doubled haploid lines consistently contained a lower concentration of free asparagine in its grain than either parent, Spark or Rialto (Table 3 ), indicating that it should be possible to identify quantitative trait loci for low grain asparagine concentration by analysing the full mapping population. The factors that contributed to low free asparagine concentration were a low overall free amino acid pool and a low ratio of asparagine and glutamate to aspartate (Table 3 ). The latter suggests that asparagine synthetase (Fig. 5 ) is likely to be involved.
Clearly, the availability of mapping populations will greatly facilitate the development of the genetic tools that breeders will need to produce varieties of potato and wheat with low acrylamide-forming potential. Progress will also be accelerated by the recent publication and accessibility of wheat and potato genome data.
The link with flavour, colour, and health benefits An important consideration in the development of crop varieties with low acrylamide-forming potential is the link between acrylamide formation, flavour, and colour. As stated above, melanoidin pigments are produced in the Maillard reaction, as are a plethora of aroma and flavour volatiles that give different fried, baked, and roasted foods their character. Elmore et al. (2008 Elmore et al. ( , 2010b examined the effects of sulphur nutrition on the flavour volatiles in wheat and potato. As we have discussed, sulphur nutrition has profound effects on free amino acid composition, with sulphur deficiency causing an increase in total free amino acids and in particular free asparagine and/or glutamine (Table 2 ). In the potato study, approximately 50 compounds were quantified in the headspace extracts of flour heated at 180°C for 20 min, of which over 40 were affected by the fertilization regime and/or variety. The compounds found at higher concentrations in the sulphur-deficient flour included Strecker aldehydes and compounds formed from their condensation, while one compound, benzaldehyde, was found at higher concentrations in the sulphur-sufficient flour.
Approximately 50 volatile compounds were also identified in headspace extracts of wheat flour heated at 180°C for 20 min. Of these, over 30 were affected by sulphur fertilization and 15 by variety. The compounds included unsaturated aldehydes, Strecker aldehydes, alkylpyrazines, and low-molecular-weight alkylfurans, which were all found at higher concentrations in the sulphur-deficient flour, as well as low-molecular-weight pyrroles, thiophenes, and sugar-breakdown products, which were found at higher concentrations in the sulphur-sufficient flour.
The conclusion to be taken from these studies is that acrylamide mitigation strategies that cause large changes in free amino acid composition are likely to lead to significant effects on aroma and flavour. Strategies that target free asparagine without affecting levels of other free amino acids or sugars are likely to have the least effect. However, the complex relationship between free asparagine, other free amino acids, sugars, and acrylamide-forming potential in potato suggests that such strategies might not always be effective in that species. The contribution that cereal and potato products make to meeting nutritional needs should also be considered, while balancing the unknown risk of eating foods that contain acrylamide with well-established health benefits (Nyströ m et al., 2008) . Cereal and potato products are a valuable source of energy and an intrinsic part of the everyday diet. Wheat is a rich source of fibre, protein, B vitamins, iron, calcium, phosphoric acid, zinc, potassium, and magnesium (Shewry, 2009) , while rye products are rich in fibre, notably arabinoxylan and b-glucan, and beneficial phytochemicals such as folate, phenolic acids, alkylresorcinols (phenolic lipids), and sterols (Nyströ m et al, 2008) . It is important that the benefits of these foods are retained while acrylamide levels are reduced and, in particular, that consumers are not put off eating wholegrain cereals.
Concluding remarks
Foods are complex mixtures of compounds and it is a fact of life that some of those compounds are likely to be harmful to health. It is unlikely that acrylamide will be the last undesirable compound to be discovered in foods because the technology for identifying the individual constituents of foods is developing very quickly. Compounds that are present in foods at levels that are easily detectable have already been identified, so undesirable compounds that are still not known about are, like acrylamide, going to be present in very small amounts, and the risk that they represent in the quantities that they are consumed will be very difficult to assess. Ten years after the discovery of acrylamide in foods, it is still not possible to quantify the risk that it represents or even to state with conviction that it does or does not represent a risk at all. This makes the issue a difficult one for regulators and the food industry, because the unknown risk of dietary acrylamide has to be balanced against the established nutritional and health benefits of foods derived from cereals and potatoes and the popularity of the products that are affected. It is also a difficult issue in terms of public perception because consumers want their food to be absolutely risk free, however impractical that is in reality, and are generally unimpressed by risk-benefit arguments.
Despite the uncertainty over the risk represented by acrylamide in the diet, and the swift action taken by the food industry to reduce acrylamide content in its products to 'as low as reasonably achievable' (ALARA), regulators in Europe have recently issued indicative levels for acrylamide content in food and there is pressure from some quarters for these levels to become regulatory limits. In other words, as with pesticides, the European Commission appears to be making judgements based on hazard rather than risk. The acrylamide issue is therefore likely to be an intractable one for the food industry for many years to come.
The acrylamide issue also has important implications for Europe's major crops. Potato, for example, has a higher acrylamide-forming potential than the major cereals and manufacturers may substitute potato in some products in total or in part with an alternative raw material with a lower acrylamide-forming potential. Wheat also has a higher level of grain asparagine than most other cereals and it too is at risk of substitution in some products. Breeding wheat and potato varieties with reduced acrylamide-forming potential would help to avert raw material substitution and enable the food industry to comply with the regulatory system as it evolves without the need for additives or potentially costly changes to processes.
Finally, it is important to note that the presence of acrylamide in food is new knowledge, not a new risk, and the actions taken by the food industry as a result of its discovery are making food safer. Plant and agricultural sciences can contribute to further progress in that direction.
